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Text S1: New particle formation model
The full NPF model consists of the sum of JSA,JSA,NH3, JSA−org and Jorg . Vari-
ables are defined in the main text. The inorganic components are given by [Dunne et al.,
2016]:
JSA = kb,n (T )[H2SO4]pb,n + kb, i (T )[H2SO4]pb, i [n−] (1)
and
JSA,NH3 = kt,n (T ) fn ([NH3], [H2SO4])[H2SO4]pt,n + kt, i (T ) f i ([NH3], [H2SO4])[H2SO4]pt, i [n−]
(2)
where all the k (T ), for temperatures T in Kelvin, are given by:
ln k(x,y) = u(x,y) − exp
(
v(x,y)
(
T
1000
− w(x,y)
))
,
where x = b or t (binary and ternary) and y = n or i (neutral and ion-induced). The
functions fy ([NH3], [H2SO4]) are
fy ([NH3], [H2SO4]) =
[NH3]
ay +
[H2SO4]pt,y
[NH3]
pA,y
The organic components are specified in the main text, but reproduced here for com-
pleteness [Riccobono et al., 2014; Kirkby et al., 2016]:
JSA−org = 0.5kSA−Org[H2SO4]2[BioOxOrg] (3)
Jorg = Jn + Jiin (4)
Jn = a1[HOM]a2+a5/[HOM] (5)
Jiin = a3[HOM]a4+a5/[HOM][n±] (6)
The values of the parameters are given in Table S1; attention must be paid to the units of
the gas concentrations, specified in the caption.
Text S2: Evaluation of modelled CCN
We perform a brief comparison of our modelled CCN concentrations with observa-
tions to confirm previous model evaluations [e.g. Dunne et al., 2016] remain valid when
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the model is adjusted for this study. A major difference between the model version used
here and that in previous estimates with the same model [Merikanto et al., 2009; Dunne
et al., 2016] is the modal treatment of the size distribution. We discuss the differences fur-
ther in the next Section. Figure S1 compares the modal and sectional modelled CCN with
measurements presented by Spracklen et al. [2011], using identical NPF schemes in both
models. Following Spracklen et al. [2011], we neglect interannual differences in meteorol-
ogy and emissions in the model-measurement comparison, using only a single model run
for 2008 to compare with the measurements, which span almost 40 years from 1971 to
2009. Overall, both models have very similar performance, suggesting that we can rely on
the more detailed evaluation of the sectional model by Dunne et al. [2016] for this study.
As expected in a low resolution model in which monthly average measurements are inter-
polated to compare with measurements, the width of the global distribution of CCN con-
centrations is lower in the model than in the measurements: the model does not capture
either the lowest or the highest concentrations, but almost all of the modelled CCN con-
centrations are within a factor 10 of the measurements. Close agreement is not expected
since the model meteorology does not usually match the measurements.
Both modal and sectional models overestimate observed CCN from primary sources.
We use the normalised mean bias in the modelled concentrations Mi compared to the ob-
servations Oi ,
NMB =
∑
i (Mi −Oi )∑
Oi
(7)
to evaluate the model, first globally and then in regions dominated by primary particles.
Globally, the models generally underestimate CCN concentrations, by −21% in the
sectional model and −31% in the modal model. This underestimation is similar to the
−25% found for the sectional model by Spracklen et al. [2011]. However, the normalised
mean bias reflects the behaviour of the model at high modelled and observed concentra-
tions, which dominate the sums in Equation 7. The model appears to be biased low be-
cause measured CCN concentrations reach higher values than the modelled concentrations,
because the measured values are not time averaged while the modelled values are monthly
means. Therefore, we also calculate the NMB against observed CCN concentrations less
than 500 cm−3 (irrespective of the supersaturation at which the CCN is calculated). Over-
all, these low concentrations are overestimated by 63% in the sectional model and 52% in
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the modal model. This overestimate also reflects the fact that the distribution of monthly
mean modelled CCN values is narrower than that of the measurements.
Next, we isolate regions likely to be dominated by primary particulate emissions:
the areas where the fraction of CCN that originate from NPF is less than 40% in Fig-
ure 3d. In these regions (orange data points in Figure S1), the overall NMB is +41% in
the sectional model and +23.7% in the modal model. This is in contrast to the global pic-
ture, where the NMB suggests both models are biased low. When we calculate the NMB
for observed CCN concentrations less than 500 cm−3 in regions dominated by primary
emissions, the overestimation is higher, as expected: 75% in the modal model and 68% in
the sectional model.
Thus both the modal and sectional models always seem to overestimate CCN in re-
gions dominated by primary particles. When all CCN concentrations are considered, the
sectional model overestimates primary emissions much more than the modal model, while
when only low concentrations are considered, the bias is quite similar. Therefore, accord-
ing to this metric, it seems the modal model is the better choice for this study. A discus-
sion of the possible sources of the differences between models, and further comparison to
previous work, is included in the next section.
Text S3: Comparison to sectional model
When averaged over the Earth’s surface, the sectional and modal concentrations of
low-cloud-level CCN at 0.2% agree well, to within 10%. The sectional model produces a
larger total number of nucleated particles, but high losses mean this does not translate to a
clear difference in CCN.
The fraction of CCN from NPF in the sectional model, 43%, is similar to that found
by Merikanto et al. [2009] and significantly less than the 54% of particles originating from
NPF when the same scheme is included in the modal model. In the pre-industrial atmo-
sphere with the same NPF scheme, the sectional model suggests 54% of CCN originate
from NPF, compared to 67% in the modal model. In both cases we simulate the same
year with the same meteorological forcing.
The main reason for the difference between the models is the distribution of primary
particles produced by the models, as suggested in the previous Section. The models both
produce comparable total numbers of primary particles (Figure S2d), but these are signfi-
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cantly more likely to act as CCN in the sectional model (Figure S2c), as on average they
are larger. It is clear that this applies irrespective of the emissions source - sea salt CCN
in the Southern Ocean, biomass burning emissions in Africa, and primary sulfate in (for
example) Far-East Asia all have higher concentrations in the sectional model than in the
modal model. At low cloud level, the global average excess of CCN0.2% in the sectional
model compared to the modal model is 34%.
There are a few other differences between the models. Some, for example in the
treatment of aqueous processing of sulphuric acid, are discussed by Mann et al. [2012].
Another difference is that we assume primary black and organic carbon emissions are
insoluble in the mode model and cannot act as CCN until 10 monolayers of sulfate or
secondary organic have condensed onto these particles, while in the bin model only one
monolayer is needed. However, the total number of insoluble particles in both models is
extremely small; this cannot explain the overall effect. There are also some differences
in our study compared to that of Mann et al. [2012]: in the sectional model the wet ra-
dius above which particles are NPF scavenged is 103 nm, the same as in the modal model,
while in the intercomparison of Mann et al. [2012] the wet radius in the sectional model
was set to 150 nm. Also, the Stier et al. [2005] recommendations here are used for biomass
burning emissions diameters in both sectional and modal models, while in the intercom-
parison paper smaller diameters are used. Lastly, we use the Mårtensson sea spray parametri-
sation [Mårtensson et al., 2003] in both models. Otherwise our models are the same as
those from the intercomparison.
It is difficult to determine whether the sectional model or modal model represents
the atmosphere better. It is not usually possible to distinguish primary and secondary
emissions in size-resolved observation data. While a priori the sectional model should
be more accurate, its increased precision is of relatively limited value when primary emis-
sions are considered since primary particles (except sea spray) are emitted as log-normal
modes which are only then assigned to size sections. As we find in the previous Section
that the overestimation of CCN from primary emissions is lower in the modal model than
in the sectional model, we consider the results on the role of NPF from the modal model
to be more accurate. We emphasise however that both models are within our uncertainty
range.
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Text S4: Comparison of sectional model to previous results
The sectional model of Dunne et al. [2016] quoted the fraction of CCN that origi-
nate from NPF as 42.7%. The only difference between the sectional model in that study
and the sectional model discussed in the previous two appendices is the inclusion of pure
biogenic NPF. When this mechanism is included, the fraction of low-cloud-level CCN at
0.2% supersaturation from NPF increases only slightly, from 42.7% to 43.0%. The small
increase is because in some regions, the additional NPF actually reduces CCN numbers,
by producing more particles which consume vapours and prevent growth to CCN size
in the model. The increase in the number of 50 nm particles due to pure biogenic NPF
is much larger than the increase in CCN0.2%. This is likely to be due to our simplified
treatment of organic vapour condensation, which we model as a kinetic process. The
impact of different possible organic vapour partitioning approaches was studied for the
modal model by Scott et al. [2015].
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Figure S1. Comparison of modelled and measured CCN compiled in [Spracklen et al., 2011] at various
supersaturations in the sectional (a) and modal (b) versions of GLOMAP in all regions (black) and regions
where primary particulate emissions dominate the total CCN number (orange). The CCN measurements
are at supersaturations ranging from 0.1% to 1%, and were made between 1971 and 2009 and are tabulated
in [Spracklen et al., 2011]. Monthly average modelled CCN concentrations in the relevant model grid boxes
are averaged or interpolated as appropriate. Only measurements at altitudes below around 500 m are used
and we assume in the model that all measurements are made at around 300 m, but this is not important as
modelled CCN concentrations in the boundary layer do not vary strongly with altitude.
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Figure S2. Ratios of CCN at 0.2% supersaturation, and total particle concentration, annually averaged at
low cloud level (approximately 460-1100 m), in GLOMAP-mode to those in GLOMAP-bin. The full model is
shown on the left-hand side while the model without NPF included is shown on the right. Without NPF (right-
hand plots), the relative difference in CCN concentration is greater than the relative difference in particle
concentration.
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Table S1. Parameters in the new particle formation model. The full numerical precision is needed. The units
of [HOM] are 107 cm−3, [H2SO4] has units 106 cm−3 in the inorganic parametrisation (JSA and JSA,NH3)
and cm−3 in JSA−org , and [NH3] has units 106 cm−3. The ion and BioOxOrg concentrations have units
cm−3.
Parameter Value Parameter Value
pb,n 3.95451 pb, i 3.373738
ub,n 9.702973 ub, i -11.48166
vb,n 12.62259 vb, i 25.49469
wb,n -0.007066146 wb, i 0.1810722
pt,n 2.891024 pt, i 3.138719
ut,n 182.4495 ut, i -23.8002
vt,n 1.203451 vt, i 37.03029
wt,n -4.188065 wt, i 0.227413
pA,n 8.003471 pA, i 3.071246
an 1.5703478 × 10−6 ai 0.00483140
kSA−Org 3.27 × 10−21 a1 0.0400097
a2 1.84826 a3 0.00136641
a4 1.56588 a5 0.186303
Table S2. Table of percentages of new particles formed in the atmosphere from various NPF pathways,
annually averaged within 5.8 km of the surface, corresponding to the pie charts presented in Figure 5.
Pathway Pre-industrial (%) Present-day (%)
SA-ion 14 7.5
SA-NH3 0.3 17
SA-NH3-ion 0.7 24
org-ion 20 4.1
SA-org-ion 25 14
SA-org 40 33
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Table S3. Percentages of particle number from NPF in the present-day atmosphere: low and high vapour
emissions scenarios. In this and subsquent tables ‘FT and UT’ denotes the free and upper troposphere and
‘cloud level’ denotes the level of low clouds, approximately 460-1100 m altitude. The percentages are calcu-
lated as annual means of particle concentrations determined at ambient temperature and pressure.
Jan. NH Jul. NH Jan. SH Jul. SH Overall
Pr
es
en
tL
O
W
Surface N3 59.0 61.7 63.2 34.6 54.7
Surface CCN 0.2% 39.0 48.6 47.0 38.4 45.2
Cloud level N3 66.7 65.5 68.4 36.8 58.0
Cloud level CCN 1% 47.3 58.7 59.2 42.9 51.7
Cloud level CCN 0.2% 41.0 50.9 51.0 41.4 47.0
High altitude N3 77.5 86.5 82.5 84.8 88.1
Pr
es
en
tH
IG
H
Surface N3 69.6 78.8 82.0 67.0 73.4
Surface CCN 0.2% 49.0 65.2 69.0 51.5 59.6
Cloud level N3 75.1 81.0 84.8 67.1 75.1
Cloud level CCN 1% 60.7 76.7 79.6 61.1 68.6
Cloud level CCN 0.2% 51.8 67.8 72.4 53.9 61.6
High altitude N3 84.4 92.4 89.9 89.6 92.6
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Table S4. Percentages of particle number from NPF in pre-industrial atmosphere: low and high vapour
emissions scenarios.
Jan. NH Jul. NH Jan. SH Jul. SH Overall
Pr
e-
in
d.
L
O
W
Surface N3 56.2 85.7 69.2 39.4 66.6
Surface CCN 0.2% 43.3 69.8 53.2 45.2 58.4
Cloud level N3 57.4 86.7 74.6 41.3 68.1
Cloud level CCN 1% 50.2 83.4 66.3 50.6 67.5
Cloud level CCN 0.2% 45.9 72.1 58.1 48.6 60.6
High altitude N3 71.9 93.4 84.1 86.3 91.3
Pr
e-
in
d.
H
IG
H
Surface N3 84.4 94.0 85.9 71.9 86.0
Surface CCN 0.2% 63.2 84.2 75.1 56.9 73.4
Cloud level N3 84.2 94.3 88.6 71.5 86.1
Cloud level CCN 1% 75.1 92.6 84.6 67.1 82.7
Cloud level CCN 0.2% 66.1 85.2 78.5 58.8 74.8
High altitude N3 83.5 96.4 90.9 90.4 94.6
Table S5. Percentages of particle number from NPF in present-day atmosphere: low and high Aitken mode
width scenarios (only the runs with NPF switched on are perturbed).
Jan. NH Jul. NH Jan. SH Jul. SH Overall
Pr
es
en
tL
O
W
Surface N3 66.0 73.2 75.2 52.3 66.4
Surface CCN 0.2% 49.7 60.8 62.7 48.2 56.4
Cloud level N3 72.7 75.8 78.7 53.0 68.6
Cloud level CCN 1% 57.9 70.6 72.6 52.6 62.3
Cloud level CCN 0.2% 51.4 62.6 65.9 50.4 57.8
FT and UT N3 84.1 92.0 88.5 88.4 93.1
Pr
es
en
tH
IG
H
Surface N3 64.9 72.0 74.0 53.4 65.3
Surface CCN 0.2% 39.5 55.4 56.1 41.0 49.5
Cloud level N3 72.4 75.0 78.3 54.7 68.0
Cloud level CCN 1% 51.4 67.7 69.4 50.4 59.0
Cloud level CCN 0.2% 42.4 58.0 60.2 44.2 51.7
FT and UT N3 84.9 92.7 88.8 90.4 93.3
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Table S6. Percentages of particle number from NPF in present-day atmosphere with low and high primary
particulate emissions.
Jan. NH Jul. NH Jan. SH Jul. SH Overall
Pr
es
en
tL
O
W
Surface N3 70.9 77.4 86.3 75.4 74.8
Surface CCN 0.2% 50.6 62.9 73.2 61.9 61.6
Cloud level N3 77.4 80.0 88.2 76.1 77.1
Cloud level CCN 1% 59.9 73.3 82.0 69.7 68.8
Cloud level CCN 0.2% 52.6 65.1 75.4 63.9 63.1
FT and UT N3 86.5 93.8 90.3 93.5 94.8
Pr
es
en
tH
IG
H
Surface N3 53.1 61.5 48.0 24.5 48.3
Surface CCN 0.2% 31.8 46.8 30.7 25.0 37.8
Cloud level N3 61.0 64.4 53.8 25.5 50.8
Cloud level CCN 1% 42.2 59.3 44.8 29.5 45.9
Cloud level CCN 0.2% 34.3 49.5 34.8 27.9 40.1
FT and UT N3 74.8 89.4 77.3 80.3 88.5
Table S7. Percentages of particle number from NPF in pre-industrial atmosphere with low and high primary
particulate emissions.
Jan. NH Jul. NH Jan. SH Jul. SH Overall
Pr
e-
in
d.
L
O
W
Surface N3 88.3 96.4 91.3 82.7 91.5
Surface CCN 0.2% 69.6 87.4 81.0 70.7 81.0
Cloud level N3 88.2 96.6 92.9 82.7 91.7
Cloud level CCN 1% 78.1 94.6 88.7 78.8 88.1
Cloud level CCN 0.2% 71.4 88.3 83.4 72.4 82.1
FT and UT N3 83.4 96.9 90.1 93.9 96.0
Pr
e-
in
d.
H
IG
H
Surface N3 46.5 78.8 54.5 25.9 53.4
Surface CCN 0.2% 32.4 59.0 39.0 27.4 43.0
Cloud level N3 47.0 79.4 61.1 26.7 54.5
Cloud level CCN 1% 41.3 76.3 53.5 32.5 54.4
Cloud level CCN 0.2% 35.7 61.4 44.3 30.4 45.6
FT and UT N3 73.3 91.7 84.1 80.5 89.1
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Table S8. Percentage of particle number from NPF in pre-industrial and present-day atmospheres, calcu-
lated as (number in no-primary run)/(number in with-primary run). It is clear that the reduction in conden-
sation sink due to the lack of primary particles results in increased NPF, leading to substantially higher (and
wrong) apparent fractions of particles from NPF.
Jan. NH Jul. NH Jan. SH Jul. SH Overall
Pr
es
en
t-
da
y
Surface N3 143.2 132.5 115.4 131.6 136.1
Surface CCN 0.2% 68.2 80.8 68.8 49.4 74.4
Cloud base N3 151.2 125.2 119.6 142.1 134.4
Cloud base CCN 1% 87.7 92.4 84.5 67.4 91.5
Cloud base CCN 0.2% 72.9 83.4 78.2 59.0 78.6
FT and UT N3 119.1 102.8 106.5 112.2 106.4
Pr
e-
in
du
st
ri
al
Surface N3 146.1 127.0 108.1 120.5 133.3
Surface CCN 0.2% 70.5 83.9 67.1 46.2 74.8
Cloud base N3 145.0 123.5 114.2 127.9 129.7
Cloud base CCN 1% 88.1 94.3 82.5 68.3 92.3
Cloud base CCN 0.2% 76.2 86.6 76.5 55.4 79.5
FT and UT N3 112.7 113.2 108.3 114.2 111.1
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Table S9. Percentage of particles produced when inorganic NPF is removed from the model and only
organic NPF and primary emissions remain. If N represents number concentration, this is equal to
100 × Norganic+primary/Ndefault.
Jan. NH Jul. NH Jan. SH Jul. SH Overall
Pr
es
en
t-
da
y
Surface N3 73.6 99.4 77.1 95.9 92.2
Surface CCN 0.2% 83.4 96.2 86.5 88.8 89.2
Cloud base N3 60.4 98.2 70.3 93.5 86.1
Cloud base CCN 1% 77.9 96.8 72.0 87.6 88.1
Cloud base CCN 0.2% 82.7 96.1 84.7 87.0 88.7
FT and UT N3 38.3 51.0 47.8 44.7 38.4
Pr
e-
in
du
st
ri
al
Surface N3 98.5 99.4 75.5 96.9 97.5
Surface CCN 0.2% 94.4 97.1 84.4 90.0 92.2
Cloud base N3 96.6 98.9 69.0 95.1 95.6
Cloud base CCN 1% 93.7 97.9 69.2 89.1 92.5
Cloud base CCN 0.2% 94.0 96.9 82.3 88.4 91.8
FT and UT N3 57.1 80.5 52.5 52.6 54.0
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Table S10. Percentage of particles produced when organic NPF is removed from the model and only inor-
ganic NPF is allowed. If N represents number concentration, this is equal to 100 × Ninorganic+primary/Ndefault.
Jan. NH Jul. NH Jan. SH Jul. SH Overall
Pr
es
en
t-
da
y
Surface N3 90.1 42.9 68.6 67.2 63.4
Surface CCN 0.2% 96.3 69.0 85.5 90.8 84.9
Cloud base N3 93.8 47.1 69.6 68.8 69.0
Cloud base CCN 1% 95.2 57.5 80.6 84.6 77.1
Cloud base CCN 0.2% 96.1 67.6 83.4 89.1 84.0
High altitude N3 103.3 92.1 98.8 100.2 101.9
Pr
e-
in
du
st
ri
al
Surface N3 42.4 16.4 66.4 60.3 37.1
Surface CCN 0.2% 76.8 48.2 83.1 86.4 71.1
Cloud base N3 50.2 20.4 67.9 62.5 42.7
Cloud base CCN 1% 65.8 29.2 78.5 77.7 54.7
Cloud base CCN 0.2% 75.4 47.5 80.9 84.4 70.1
High altitude N3 94.1 63.6 93.6 100.8 95.4
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Table S11. Percentage of particles that originate from NPF when pure biogenic NPF is removed from the
model and only NPF involving sulphuric acid is allowed. If N represents number concentration, this is equal
to 100 × Nno−pure−biogenic/Ndefault.
Jan. NH Jul. NH Jan. SH Jul. SH Overall
Pr
es
en
t-
da
y
Surface N3 64.7 66.6 71.3 42.2 62.1
Surface CCN 0.2% 44.1 54.5 56.4 41.1 50.6
Cloud base N3 72.3 69.8 76.0 45.3 65.4
Cloud base CCN 1% 54.1 63.5 67.3 46.3 57.7
Cloud base CCN 0.2% 46.6 57.0 60.3 44.0 52.7
High altitude N3 84.9 92.6 89.1 89.8 93.4
Pr
e-
in
du
st
ri
al
Surface N3 58.7 82.8 74.4 38.2 68.1
Surface CCN 0.2% 49.3 70.4 60.8 43.3 60.3
Cloud base N3 62.7 84.6 79.6 42.0 70.8
Cloud base CCN 1% 57.1 80.4 71.6 48.0 67.9
Cloud base CCN 0.2% 52.4 72.6 65.3 46.5 62.6
High altitude N3 79.4 94.5 88.3 89.6 93.9
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Table S12. Percentage of particles that originate from NPF when sub-grid sulphate is considered to be
NPF. This is determined as the change in CCN when NPF is removed from the model and the fraction of SO2
emitted as sulphate is set to zero, relative to the default case where explicitly parametrised NPF and sub-grid
sulphate are switched on.
Jan. NH Jul. NH Jan. SH Jul. SH Overall
Pr
es
en
t-
da
y
Surface N3 67.3 74.2 75.4 54.3 67.7
Surface CCN 0.2% 48.7 61.1 60.1 46.7 56.0
Cloud level N3 74.1 77.0 79.4 55.5 70.2
Cloud level CCN 1% 57.4 71.5 72.1 54.0 63.5
Cloud level CCN 0.2% 50.8 63.3 64.2 49.6 57.9
High altitude N3 84.6 93.4 88.9 90.2 93.7
Pr
e-
in
du
st
ri
al
Surface N3 76.2 92.9 80.2 59.0 80.7
Surface CCN 0.2% 58.8 81.6 66.2 52.0 69.2
Cloud level N3 76.7 93.4 84.2 59.5 81.3
Cloud level CCN 1% 68.1 91.4 78.1 60.3 78.7
Cloud level CCN 0.2% 62.2 83.2 70.7 54.9 71.3
High altitude N3 80.1 96.1 88.6 90.1 94.4
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